Having the ability of reconstructing dissolved stellar systems in dynamical and chemical space is a key factor to understand the evolution of the Milky Way. Here we focus on the dynamical aspect and given that most of the stars in the Milky Way have been born in stellar associations or clusters that have lived a few Myr up to several Gyr, we focus on the evolution of star clusters. We have carried out our simulations in two steps: 1) we have created a Galactic disc dynamically as close to observations as possible and 2) we have evolved three sets of stellar clusters with masses of 400, 1 000 and 15 000 M ⊙ to dissolution. The birth location of these sets was 4, 6, 8 and 10 kpc for the 400 and 1000 M ⊙ clusters and 4, 6, 8, 10 and 12 kpc for the 15 000 M ⊙ . We have focussed our efforts on studying the state of these escapers after 4.5 Gyr of evolution in the Solar annulus, i.e. 7.5 R gc 8.5 kpc. We found that the contribution of binary systems represents 30 per cent of the total number of system from these dissolved star clusters present in the Solar annulus. For single stars ending in the Solar annulus we have studied two distinct families: Solar twins and Solar siblings. The contribution of Solar twins from clusters born at 8 kpc is 17 per cent higher than for the clusters born at 6 kpc and 35 per cent higher than clusters at 10 kpc. We have also analysed the possibility of a given star escaping from our clusters with a mass close to the mass of the Sun to end in the Solar orbit. We found by using dynamical arguments that for our 400 M ⊙ clusters there is a 49 per cent higher chance of the Sun being born from a cluster at 8 kpc than at 6 kpc while only a 38 per cent higher chance to come from a cluster born at 10 kpc. For our 1 000 M ⊙ clusters it becomes a 50 per cent higher chance of the Sun being born from a cluster at 8 kpc than at 6 kpc while only a 25 per cent higher chance to come from a cluster born at 10 kpc. Finally for our 15 000 M ⊙ clusters there is a 70 per cent higher chance of the Sun coming from a cluster born at 8 kpc than at either 6 or 10 kpc while this reduces to 59 per cent relative to clusters born at 12 kpc. We have concluded our analysis by calculating magnitudes and colours of our single stars in order to make predictions about the samples that the Gaia, Gaia-ESO and GALAH-AAO surveys will obtain. In terms of reconstructing dissolved star clusters we find that on short timescales we cannot rely on kinematic evolution alone and thus it will be necessary to extend our study to include information on chemical space.
INTRODUCTION
Reconstructing the history of the Milky Way from the kinematics and chemistry of its stellar components is one of the ⋆ Email: gmoyano@astro.swin.edu.au grand challenges of modern galactic astrophysics, as we enter an era of huge automated surveys of many millions of stars.
In this work we construct models of dissolving star clusters and use them to analyse the internal stellar assembly history of the disc of our Galaxy. Of particular importance is to identify the extent to which it is possible to reconstruct dissolved stellar clusters and information that can be shed on the possible parent cluster of the Sun.
Recent steps in tracking stellar clusters within kinematic space have been taken by Fujii & Baba (2012) who analysed the destruction of star clusters by radial migration using the BRIDGE code (Fujii & Portegies Zwart 2011) . The authors integrated a Milky Way-like disc up to an age of 5 Gyr and when the self-excited spiral arms developed, i.e. overdensities on the disc, star clusters were placed "by hand" on those overdense regions.
We will face this challenge from a different and more detailed perspective. We extend the limits of NBODY6 -the state-of-the-art code for following the internal evolution of star clusters -by post-analysing the stars from dissolved clusters with an orbit integrator and at a future stage a Galactic chemodynamical code. In this way we obtain accurate predictions for the dynamical evolution of stellar clusters and the subsequent kinematics of stars that escape from these clusters into the Galactic disc, helping to constrain efforts to unravel the chemical evolution history of the Galaxy (Freeman & Bland-Hawthorn 2002) .
We have studied the distribution in velocity space of the stars escaping from star clusters within the Milky Way (Moyano Loyola & Hurley 2013) . In that work we could identify the mechanisms that produce escapers within different velocity ranges and determine the maximum mass with which a given escaper can reach the Galactic halo as a mainsequence or giant star. The next step is to track the evolution of previously escaping stars as they populate the Galactic disc and to subsequently test the limits to which they can be tracked to a common origin.
It is expected that the diffusive nature of the disc will eventually be effective in erasing the kinematic initial conditions of stars and thus the dynamical information of dissolved clusters will not be sufficient for a complete reconstruction. We make estimates here of how long this takes for a variety of cluster masses and Galactocentric radii.
Increasing evidence (Carpenter 2000; Lada & Lada 2003; Porras et al. 2003; Bressert et al. 2010; Kruijssen 2012) suggests that most stars are born in associations of some sort. The Sun seems to not be an exception (Gaidos 1995; Adams 2010; Pichardo et al. 2012; Pfalzner 2013) . Finding the potential parent cluster of the Sun and locating Solar siblings, i.e. stars that were born with the Sun, can place constraints on the dynamical and chemical evolution of the Galactic disc in the last ∼ 4.5 Gyr.
We have carried out our simulations in three stages. In Section 2 we show the first stage, which involves how the background sea of stars was created using an orbit integrator which simulates the effects of orbital diffusion (presumably due to asymmetries) in the Galactic potential. We aim to make this background sea as comparable with stellar density and kinematic observations as possible (Bovy & Rix 2013) . In Section 3 we describe the second stage where we evolved small star clusters until dissolution with NBODY6 (Aarseth 2003) under the effect of a time-independent potential of the Galaxy. After escaping, these stars are fed into the background sea of stars and integrated in a time-dependent Milky Way potential. Section 4 is devoted to analysing whether the Sun could be born from any of our modelled clusters and how our models compare with upcoming surveys such as Gaia (Perryman 2003) . We summarise our results and conclude in Section 5.
THE BACKGROUND SEA OF STARS
Most disc-like galaxies can be characterized as a highly flattened structure with an exponential radial scalelength but when we enter into sub-kpc scales the picture is no longer so simple, e.g. presence of spiral arms and bars. Refinements of the treatment of galactic potentials, i.e. moving from pointmass models to full three dimensional potentials that include features like spiral arms and three dimensional velocity ellipsoids, have been carried out for more than two decades (e.g. Sellwood & Binney 2002) . However, in a few years Gaia (Perryman 2003) will give us an even better picture of the Galaxy for constraining models.
It is now well established that radial mixing of stellar orbits is ubiquitous in disc galaxies (e.g. simulations: Sellwood & Binney 2002; Grand et al. 2012; observations: Bird et al. 2012; Yu et al. 2012; Haywood 2012) . There are four main mechanisms that are proposed to produce radial mixing: interaction with Giant Molecular Clouds (GMCs; Spitzer & Schwarzschild 1951) , interaction with transient spiral arms (Barbanis & Woltjer 1967) , massive compact halo object impacting the disc (Lacey & Ostriker 1985) and satellite infall (Velazquez & White 1999) .
One of the more evident mechanisms that changes the orbits of stars are the spiral arms, although whether these are fixed or transient features of discs is a matter of discussion (Lindblad 1964; Lin & Shu 1964; Goldreich & Lynden-Bell 1965; Athanassoula 1984; Fujii & Baba 2012) .
We focus in this paper on two of the mechanisms: mixing through interactions with GMCs and with transient spiral arms. Sellwood & Binney (2002) introduced a new terminology for these two effects, "blurring" for when the epicycle amplitude of the orbit changes but there is little change in the angular momentum owing to a scattering event with a GMC, and "churning" when the guiding-center of the orbit changes without changing the angular momentum owing to interactions with transient spiral arms.
In the remainder of this Section we describe our model for the Galactic potential, how we populate the disc with stars, how we model stellar blurring and churning and how we constrain this population kinematically through comparison with observations. The aim is to use a disc composed of kinematic mixed galactic populations as the background sea from where we will aim to identify cluster debris.
Orbit Integrator -Galactic disc

Orbit Integrator
We have used our own code GalOrb (GO hereafter) which integrates orbits by using a a standard Runge-Kutta (Press et al. 1992 ) method for integrating the equations of motion with an adaptive timestep. This code runs on a single-core CPU. The treatment of the Galactic potential can be divided into a static component and techniques to model time-dependent features.
Firstly the static potential that this integrator uses is represented by a three-component Galaxy: bulge, disc and halo. A summary of the different component parameters can be seen in Table 1 . The bulge is composed of a spheroid component represented as a Plummer sphere with a mass of 0.3 × 10 9 M⊙ and a scale of 2.7 kpc, plus a central component represented as a Plummer sphere with a mass of 6.0 × 10 9 M⊙ and a scale of 0.42 kpc Three Miyamoto & Nagai (1975) discs have been employed with the following parameters: a) mass of 5.3 × 10 10 M⊙ with a radial scalelength of 2.9 kpc, b) mass of −2.3 × 10 10 M⊙ with a radial scalelength of 8.7 kpc and c) mass of 2.6 × 10 9 M⊙ with a radial scalelength of 17.4 kpc (Flynn et al. 1996) . All discs have a vertical scaleheight of 0.3 kpc (which gives a volume density of 0.05 M⊙ pc −3 at 8 kpc). These three discs together give an exponential surface density profile over a large range of Galactocentric radius. We have chosen to use Miyamoto discs because it is simple to implement them in the orbit integrator, albeit one of them with negative mass to fine tune the fit to an exponential profile.
Finally we set a logarithmic halo by requiring a circular velocity of 220 km s −1 at a distance of 8.0 kpc. Our halo has a core r0 = 8 kpc.
It is uncertain whether giant carbon-oxygen molecular clouds within 4 kpc of the Galactic centre follow the total velocity curve of the Galaxy, where an increase of the circular velocity curve of these clouds has been observed (e.g. Clemens 1985; Sofue 2013; Bobylev & Bajkova 2014; Bhattacharjee et al. 2014) , or if their kinematics are driven by local anisotropies (i.e. the Galactic bar). In this work we have decided to fine-tune our Galactic model to match the latest results from Bovy & Rix (2013) , in which they have found unprecedented constraints of the Galactic potential by using SEGUE data (Yanny et al. 2009 ).
In Fig. 1 we have plotted the rotation velocity curves for the different components of our model Galaxy with a particular focus on the bulge. The inner part of the Milky Way is effectively a whirlpool in which the dynamics are mainly ruled by the presence of the Galactic bar. Modelling the Galactic bar is outside of the scope of this work. The combined velocity curve for our model Galaxy is shown in Fig. 1 .
As mentioned earlier, we aimed to mimic two key time dependent features for our analysis: 1) Molecular clouds, diffuse stars by giving them a kick in velocity space chosen randomly from an isotropic Gaussian distribution with σ = 35 km s −1 and 2) Spiral Arms, stars are churned (i.e. shifted) in radius (Sellwood & Binney 2002 ) by a random Gaussian with σ = 20 pc around µ = 0 pc, i.e. no net shift. These values of 35 km s −1 and 20 pc have been chosen by making initial guesses and running the model, then adjusting to get consistency with the observations of Lewis & Freeman (1989) as described in detail in Section 2.2.
Stars are affected by both processes, i.e. diffusion and churning, every timestep.
Galactic disc
For the initial conditions of our Galactic disc we have set an exponential distribution (Binney & Tremaine 2008) for the position of 10 000 stars (Fig. 2) . The radial and vertical Figure 1 . Circular velocity curves for the different components of the Galaxy models used in this work, with special attention to the bulge component. We have compared different bulge models: point-mass, Plummer sphere and Hernquist models (Bovy & Rix 2013) . Since the contribution of the spheroid component of the GO bulge is small, both the GO central and total bulge overlap. We also show the total velocity (black curve) created by combining a point-mass bulge, a single Miyamoto & Nagai disc and a logarithmic halo. The potential that generated this curve will be used for the setup in NBODY6 (see Section 3). This is compared to the total velocity (gray dashed curve) for the GO orbit integrator. It is evident that both total velocity curves are similar for the regions that we will focus on in this work (Rgc 3 kpc). The vertical dashed line is the normalization on distance by using R gc,⊙ = 8 kpc. The horizontal dashed line is the normalization for the circular velocity at R ⊙ which was set equal to 220 km s −1 .
velocities of these stars were taken from a Gaussian distribution with µ = 0 km s −1 and σ = 5 km s −1 , while the tangential velocity was also taken from a Gaussian distribution but with µ set to the local circular velocity in km s −1 (the "local circular velocity" was taken from the total GO potential of our model Milky Way presented in Fig. 1 ) and σ = 5 km s −1 . We have chosen the value of the dispersion (σ) to match the average dispersion (Wilson et al. 2011 ) of the interstellar medium (ISM).
We have evolved the disc for 10 Gyr with the orbit integrator presented in the previous section. In order to have better mixed kinematic populations in the disc, i.e. old and young population of stars, we have stacked snapshots of the disc every gigayear. The final results is a disc composed of 110 000 stars to which we will add stellar clusters at different stages of dissolution to examine the extent to which we are able to identify them (see Sections 3 and 4). In Fig. 3 we show how the disc heats in both the vertical and horizontal directions as it evolves. The disc clearly thickens as a function of time and is a good match to the local Age-Velocity Relation (AVR: see next section). Figure 3 . Evolution of the exponential disc integrated with GO over 10 Gyr, shown every 2 Gyr in the (X,Z) plane. The modelled disc is a good match to a range of present day disc properties, both locally and over a large Galactocentric radius.
Modelled velocity dispersion and observations
We have converted the positions and velocities of our stars to an inertial frame with the origin at the Galactic Centre and the X-axis pointing towards the Sun, the Y -axis at 90 degrees in a direction looking from the Galactic North Pole and finally the Z-axis pointing to the Galactic North Pole. Special care was taken in changing these new phase-space coordinates into radial and tangential components in order to compare with observations. As noted in Section 2.1 we have churned and blurred our Galactic disc for 10 Gyr with the described prescriptions and as a check we now compare our results to those of the Geneva-Copenhagen survey (GCS: Holmberg et al. 2009 ) and the work of Lewis & Freeman (1989) . pre-Gaia determinations of ages, distances, metallicities and kinematics of nearby stars.
One of the most remarkable achievements of the GCS survey was to accurately measure the slope of the AVR in all three components, i.e U , V , W , highlighting that the velocity dispersion of stars increases in time. This heating is mainly a consequence of the dynamical interaction of stars with GMCs and spiral perturbations and to a minor degree infalling satellite galaxies.
We have considered these relations a benchmark in our analysis and our modelled disc is a close match to the observational data, as shown in Figs. 4 and 5. To make a consistent comparison, we have taken stars within a 1 kpc annulus from the Sun (7.5 kpc Rgc 8.5 kpc) and we have tuned our parameters to match the kinematic data from the GCS survey.
Velocity Dispersion vs. Radius
An early survey of the velocity dispersion of stars in the Galactic disc over a range of galactocentric distances was made by Lewis & Freeman (1989) . They found that the radial and tangential velocity dispersions of disc stars fall exponentially outward, with twice the scalelength of the visible stars. This result can be explained as a consequence of the higher density of molecular clouds in the inner parts of the Galaxy, which will more effectively heat stars on those regions.
We model this by including a radial dependence of the diffusion,
where Rgc = 8 kpc, 2hR = 8 kpc and i = X, Y, Z.
Once this dependence was implemented, we obtained a close match between our models and the Lewis & Freeman (1989) observational data for the radial velocity dispersion out to 20 kpc as shown in Fig. 6 . In Fig. 7 we compare the tangential velocity dispersion showing that the model follows nicely the observations in the external parts of the Galaxy but underestimates the velocity dispersion of the central regions. 
Radial Migration
As mentioned in Section 2 several mechanisms can produce a gradual heating of the Galactic disc. In this work we have explored different prescriptions for two of the main drivers of migration, e.g. diffusion and churning.
In Fig. 8 we show the initial positions of 10 000 disc stars against their positions after 10 Gyr of integration for two different implementations: a) churning and diffusion affecting the entire disc and b) diffusion and churning completely stopped. Table 2 shows the average radial shift that stars have endured under different effects, i.e. potential alone, churning only, diffusion only and both churning and diffusion. The change in radii (∆R) for the model with churning and diffusion off, i.e. model "None", merely reflects how the initial disc relaxes owing to the potential only. Even when the heating (represented by the standard deviation given in the Table) produced only by churning or diffusion is similar, none of these effects alone is enough to heat the disc up to the level of the observations for all the components, i.e. U , V , W , where U points toward the Galactic centre, V is in the direction of the Galactic rotation, and W points toward the Galactic North Pole.
Comparing the models with and without heating sources it becomes evident that the mechanisms responsible of this heating, i.e. spiral arms and molecular clouds, drive a significant radial migration of stars.
EVOLUTION OF SMALL OPEN CLUSTERS
WITHIN THE GALACTIC DISC
Star clusters models
A series of N-body models were run of open clusters by using the code NBODY6 (Aarseth 2003) with graphical processor unit (GPU) and multicore CPU capability (Nitadori & Aarseth 2012 Figure 6. Comparison between radius vs. velocity dispersion relation from Lewis & Freeman (1989) and our modelled Galactic disc for the velocity dispersion in the radial direction (σ R ). binaries in each model. The positions and velocities of the stars within the cluster and the masses of the binary systems were set up as explained in Moyano Loyola & Hurley (2013) . The star clusters were evolved by using NBODY6 with a potential for the Milky Way as close as possible to the total (GO) rotation curve presented in Section 2.1.1. For the input of NBODY6 this potential was represented by a time-independent three-component Galaxy, i.e. a point mass bulge with a mass of 6.0 × 10 9 M⊙, a single Miyamoto & Nagai (1975) disc with a mass of 6.0 × 10 10 M⊙, a scalelength of 2.1 kpc and a scaleheight of 0.3 kpc (which gives a volume density of 0.05 M⊙ pc −3 at 8 kpc), and finally a logarithmic halo set by requiring a circular velocity of 220 km s −1 at a distance of 8.0 kpc. The rotation curve (solid black curve) in Figure 1 represent the combined potential used for NBODY6, i.e. point-mass Bulge, single Miyamoto & Nagai disc and logarithmic halo. Outside of Rgc = 3 kpc, where we will evolve our clusters, the potentials from NBODY6 and GO are indistinguishable in terms of the resultant rotational velocity curves.
We evolved clusters on circular orbits in the disc at 4, 6, 8 and 10 kpc from the Galactic centre. The initial positions of the clusters were chosen at random azimuthal angles on the orbit, as can be seen in Fig. 9 .
There are three main mechanisms that cause stars to escape from stellar clusters: energetic two-body encounters, supernovae events and cumulative two-body encounters (i.e. "evaporation"). For an analysis of the effect of these three mechanisms on the timescales and escape velocities of escapers see Moyano Loyola & Hurley (2013) .
At each distance we evolved 40 clusters until at least 70 per cent of the stars in the cluster had escaped. This gives a total of 160 models in our set. We have also evolved a set of 120 models starting with 1 000 M⊙ (N ∼ 1 275) to explore the highly collisional nature of the small evolved clusters and 10 models with 15 000 M⊙ (N ∼ 20 000).
We have integrated the orbits of the stars recorded as escapers from NBODY6 with the orbit integrator previously presented in Section 2.1.1. The stars were fed into the GO integrator as they escaped their parent cluster, which means that stars that escape early during the evolution of the cluster can have up to 400 Myr, i.e. the dissolution time of the cluster, extra-heating with respect to stars that escape at later times.
Evolution timescales
All our clusters were evolved in the time-independent potential described in Section 3.1. In Fig. 10 we show how the clusters lose stars over time, where we have averaged over all the models at each galactocentric distance, i.e. 4, 6, 8 and 10 kpc. As expected, the rate of dissolution of the models at 4 kpc is higher since they feel a stronger gravitational interaction from the central parts of the Galaxy. Models at 6, 8 and 10 kpc "feel" a weaker potential from the inner parts of the Galaxy and all lose members at a lower rate.
The evolution of all these small stellar systems is regulated primarily by their internal evolution, i.e. two-body relaxation time, particularly when the tidal field effect is weak. For our clusters on outer orbits this washes out the marked effect of the Galactic tidal field seen in more massive clusters (Tanikawa & Fukushige 2005) .
A more obvious trend with galactocentric distance becomes evident when we study more massive clusters, e.g. 1 000 M⊙: see Fig. 11 . The two-body relaxation timescale for these more massive clusters is more than twice that of the smaller clusters, which allows them to endure their internal evolution for longer and makes the stripping of stars driven by the Galactic tidal field more evident.
Classical theory (Combes et al. 1999) states that stars in a two-body problem will escape through the Lagrangian points. We have analysed how stellar systems escape from our modelled clusters (see Fig. 12 ). From our analysis escaping stars leave the clusters with an offset of ∼ 25 degrees from the Lagrangian points L1 and L2. The same result was achieved by Küpper et al. (2008) and Küpper et al. (2010) by analysing the structure of tidal tails of clusters orbiting at different inclinations and eccentricities under the influence of a Milky Way-like potential.
Statistics of escaping systems
Star clusters in the Galaxy lose members through several internal mechanisms which relate to physical processes that range from violent supernovae (SNe) events to dynamical two-body interactions (Moyano Loyola & Hurley 2013) . SN ejections are produced within the first 100 Myr of the life of a star cluster. If a given cluster survives the violent switch-off of SNe, two-body interactions become the dominant mechanism that will eject stars.
The number of primordial binaries and particularly the fraction of hard binaries that a given cluster has will directly affect the number of encounters that its members will have before escaping. The higher the primordial binary percentage, the more likely a given star will gain enough energy to escape early in the evolution of its parent cluster (Hut et al. 1992; Moyano Loyola & Hurley 2013 and references therein).
In the context of chemical tagging and reconstruction of dissolved populations (De Silva et al. 2009; Bland-Hawthorn et al. 2010; De Silva et al. 2013 ) binaries play an important role given that the members of these systems are more likely to have their surface abundances altered by mass transfer in the case of highly eccentric orbits or during Roche-Lobe overflow, provided the binary system lives long enough to allow one of its components to evolve as a giant (De Donder & Vanbeveren 2002; Vanbeveren & De Donder 2007) . Furthermore, since binary systems fill up to 50 per cent of the systems in the Solar neighbourhood recent studies have brought to attention the importance of studying the habitability zones of these systems (Jaime et al. 2012; Eggl et al. 2013) .
Escaping binary systems represent 30 per cent of the total number of systems that our disrupted 400 M⊙ clusters contribute to the Galaxy. This value is maintain from the 30 per cent primordial binary fraction that we have assumed and we note that within these escaping binary systems we are including both a fraction of primordial binaries that survived the dynamical evolution of the cluster and binary systems that were created by multiple-body encounters.
We have analysed the number of binary systems that reached the Solar annulus after 4.5 Gyr with an origin from clusters at different galactocentric distances. As can be seen in Table 3 , of all the stellar systems (single stars plus binary systems) that escaped from our clusters and ended within the Solar annuli, roughly 30 per cent of them are binaries. This means that of the systems escaping from the clusters, there is no clear preference for either single stars of binaries reaching the Solar neighbourhood.
We can also infer from Table 3 the contribution of possible Solar siblings, i.e. stars born in the same stellar nursery as the Sun, depending on our explored birth locations, e.g. 4, 6, 8, 10 and 12 kpc. From clusters born at 8 kpc the contribution is 17 per cent higher than from clusters at 6 kpc and 35 per cent higher than clusters at 10 kpc. Binary systems in Bottom panels: sanity check with churning and diffusion off for initial radii versus final radii (left) and initial radii versus net change in radii (right). Table 3 . Analysis of the systems that escape from our cluster models with 400 M ⊙ and end up in the Solar annulus. Column 1 represents the radius of the orbit of the cluster before dissolution, Total Nsys is the contribution of escapers from all the clusters from a given radii, Systems 1kpc⊙ is the number of these systems that end within the 1 kpc annulus of the Sun after 4.5 Gyr of evolution, Binaries 1kpc⊙ represents how many of the stellar systems within 1 kpc of the Sun are binaries, and finally column 5 shows this as a percentage. Inside the parenthesis for each column we show the same statistics for "visible" stellar systems, i.e. systems that contain at least one main-sequence or giant star. the Solar annulus have similar fractional contributions from each family of clusters orbits, but the larger contributors in numbers of binaries within the Solar annulus are the clusters born within it. Binary systems from clusters born at 8 kpc outnumber binary systems born at 6 kpc by 17 per cent and binary systems born at 10 kpc by 37 per cent. We expect this to be the case since the escape velocity of binaries is lower than single stars owing to their main escaping mechanism being evaporation (Moyano Loyola & Hurley 2013), making them stay longer near the orbit of their parent cluster. Duquennoy & Mayor (1991) found that the frequency of binary systems in the Solar neighbourhood is close to 50 per cent, whereas the contribution from our clusters is ∼ 30 per cent (as noted above) which is low if we were to assume that all stars originated in clusters. For our primordial binaries we assign a period (P ) cut-off of P < 10 7 d. If this cut-off were to be relaxed to longer periods, e.g. P ∼ 10 10 d, we could effectively have a greater primordial binary fraction by starting more single stars as binaries. However, a higher number of wide primordial binary systems will enhance the number of interactions owing to their larger gravitational cross-section which will enhance the disruption of these additional soft binaries. Conversely we could simply increase our primordial binary percentage to 50 per cent using the same period distribution as before and it would be reasonable to expect that our escaping binary frequency would then be a similar value. We also need to consider that even with 30 per cent of escapers being binaries we might already Most of the escapers are produced by evaporation, and the Lagrangian points L1 and L2 are ∼ 25 degrees off due to the time where we registered the escapers (twice the tidal radius).
be overestimating the fraction of binaries within the Solar annulus because our value is calculated by including all the binaries regardless of their mass ratio or brightness. Plus any wide systems that escape from the parent clusters could be hard to be identified as binaries in the field owing to their separations. A further analysis -outside the scope of the present work -which includes different period cuts limited to observational capabilities such as SDSS and LAM-OST ( Figure 13. Configuration space for our Galactic disc and one particular cluster starting with 400 M ⊙ at different degrees of dissolution, i.e. top-left: 100 Myr of evolution, top-right: 500 Myr of evolution, bottom-left: 1 Gyr of evolutoin. Bottom-right: evolution of the radial density distribution for all our clusters that started with 400 M ⊙ at three times: 10 Myr, 100 Myr and 500 Myr after dissolution. Evident is the smoothing of the overdensities, i.e. the decrease of the density peaks, as time passes.
Losing information: birth places of dissolved clusters
By following stars as they drift away from the cluster and join stars in the field we can aim to understand the possibility of reconstructing these dissolved clusters, i.e. can we still distinguish the clusters members for some length of time past dissolution? We begin by studying the distribution of escapers from a single cluster born at 8 kpc at different stages of dissolution, e.g. after 100 Myr of evolution, after 500 Myr of evolution and after 1 Gyr of evolution. This particular cluster dissolves completely after 370 Myr.
The natural starting place to try to find this cluster is real space (X-Y space), hereafter "configuration space". We have enhanced the density contrast of colours in Fig. 13 to facilitate the identification of the cluster but it is clear from the figure that the cluster will be well mixed with the field stars in ∼ 500 Myr. Clustering footprints could last longer in phase-space especially for massive satellites . We have performed an initial investigation on the signatures of disrupted clusters in phase-space. From our findings it seems possible to identify disrupted clusters with initial 400 M⊙ up to 500 Myr after dissolution. In the future we will perform a full phase-space analysis (Moyano Loyola et al., in prep.) .
In Fig. 13 we show the radial density distribution of our dissolved 400 M⊙ clusters at three different times: 10 Myr, 100 Myr and 500 Myr after dissolution. When we refer here to a given time after dissolution we have considered that each cluster dissolves at a slightly different rate, so we have calculated the mean dissolution time for each family of clusters at each galactocentric distance. In this figure it is evident how the overdensities corresponding to the four birth radial locations of this set, i.e. 4, 6, 8 and 10 kpc, merge into a single smooth distribution in only 500 Myr. More than ∼ 500 Myr after dissolution the stellar population of a dissolved star cluster cannot be separated from the field population by using kinematics alone. After this stage chemical information becomes indispensable for reconstructing star clusters (Bland-Hawthorn et al. 2010) .
The timescale in which the overdensities disappear is closely related to the dissolution timescale, i.e. the timescale for the smoothing of overdensities for our models with 1 000 M⊙ is more than twice the value for our 400 M⊙ models. This scaling is also representative of the relative half-mass relaxation timescales of the clusters which is again roughly a factor of two longer in the more massive clusters.
THE SEARCH FOR THE SUN
There is increasing evidence that stars are born generally in groups (Carpenter 2000; Lada & Lada 2003; Porras et al. 2003; Bressert et al. 2010; Kruijssen 2012) . Signatures such as the excitation of some minor bodies in the Kuiper Belt, the presence of short-lived radioactive isotopes in meteorites and the orbits of external giant planets like Uranus and Neptune suggest that the Sun is no exception (Gaidos 1995; Gaidos et al. 2009; Adams 2010; Jiménez-Torres et al. 2011; Pichardo et al. 2012; Pfalzner 2013) .
Previously it had been suggested that the nearby Galactic open cluster M67 is a candidate for the birth place of the Sun due to the similarities between the chemical composition of stars in this cluster and the Sun (Friel 1995; Tautvaišiene et al. 2000; Randich et al. 2006; Pace et al. 2008; Pasquini et al. 2008; Önehag et al. 2011; Castro et al. 2011) . However recent studies have put this idea into doubt . The identification of the parent star cluster where the Sun was born and particularly the possibility of finding Solar siblings, i.e. stars that were born in the same star forming region as the Sun, is of crucial importance to unravelling the dynamical history of the Galactic disc during the last ∼ 5 Gyr. This information will improve constraints on the birth environment of the Sun, i.e. number of members, mass, size, as well as the potential of the Milky Way.
It would be natural to assume that since we have a good estimate of the velocity of the Sun a sensible starting point might be to just invert its velocity vector and use any orbit integrator to integrate "backwards" in time for ∼ 4.5 Gyr (i.e. the age of the Sun) to find its birth place within the disc. Portegies Zwart (2009) conducted such an analysis by utilizing the static, i.e. no time-dependent features, threecomponent potential described by Paczynski (1990) . The main results showed how the probability of finding siblings amongst unrelated field stars diminishes as time passes along the orbital trajectory of the Solar System in the Galaxy. As we have discussed in Section 2, the presence of spiral arms and GMCs imposes a non-reversible time feature to the potential of the Milky Way making the backwards integration not a suitable approach to study orbits within the Galactic disc.
The orbit of the external giant planets, i.e. Uranus and Neptune, the orbit of the large planetoid Sedna and the eccentricities, inclinations and truncation at ∼ 50 AU of the orbits of the objects within the Kuiper Belt place constraints on the central star density of the star cluster containing the Solar System to be in the range 10 The position of the Sun in such a cluster is also a factor, given that it would need to reside in the outer regions of the cluster at the higher end of the density range in order for the Solar System to survive intact. These considerations place an upper limit of N ∼ 10 5 stars for the birth cluster.
Another constraint comes from the presence of shortlived radionuclides (SLRs:
10 Be, 107 Pd, and 182 Hf) in the early Solar System found nowadays in meteoritic materials. Two origins have been proposed for these SLRs: Type II supernova (which will lead to a chemically inhomogeneous cluster) and Wolf-Rayet stars (chemical homogeneous). The supernova scenario requires a progenitor with M * ≈ 25 M⊙ or more, and thus requires a cluster with at least N ≈ 825 stars to have a 50/50 chance or better of hosting a 25 M⊙ star (Adams 2010; Pfalzner 2013). The Wolf-Rayet scenario requires an even more massive star with M ≈ 60 M⊙ which translates to a more massive cluster, i.e. a cluster with N 10 4 stars (Adams 2010; Gaidos et al. 2009 ).
Finally, the UV radiation field of the background of the cluster often dominates the radiation provided by the star itself. This UV field can lead to photoevaporation of protoplanetary discs. The Solar Nebula is then constrained to be weak enough to allow gas to survive up to radii 30 AU, i.e. the orbit of Neptune (Adams 2010).
The combination of these constraints from these studies suggests that our model clusters starting with 400 M⊙ are very much at the low end of the spectrum for the mass (or N ) of the birth cluster. We will also utilise our models starting with 15 000 M⊙ (N ∼ 20 000) to explore clusters at the upper end of the spectrum and our models starting with 1 000 M⊙ which sit in the most likely region of the spectrum. As well as looking for Solar-candidates the data we present are also applicable to Solar twins, i.e. stars that are particularly similar to the Sun in effective temperature, metallicity and age. The Solar neighbourhood can easily be populated by a non-negligible fraction of Solar twins.
Using our time-dependent potential (see Section 2.1), we have analysed the possibility that an escaping star from our modelled clusters with a mass similar to the Sun ended on a circular orbit within a 1 kpc annulus centred at 8 kpc after 4.5 Gyr, becoming a Sun-candidate. Our tests involved all clusters of 400 M⊙, 1 000 M⊙ and 15 000 M⊙. In Table  4 we show the number of stars from the clusters born at each galactocentric radii that ended between 7.5 Rgc 8.5 kpc, from those stars how many have a circular velocity within 10 per cent of V⊙ = 220 km s −1 , and how many of those stars in a circular orbit have a radial velocity U 15 km s −1 .
In terms of probabilities we have found that for our 400 M⊙ clusters there is a 49 per cent higher chance of the Sun Table 4 . Main sequence stars with mass in the range 0.8−1.2 M ⊙ that ended within the Solar annulus after 4.5 Gyr from all the modelled clusters. Radius is the birth orbit of the parent cluster, Stars 1kpc⊙ is the number of stars that ended within the solar annuli, Circular orbit is the number of stars that ended within the solar annuli and have circular velocities between 200-240 km s −1 and Radial velocities shows how many of those stars have radial velocities lower than 15 km s −1 . being born from a cluster at 8 kpc than at 6 kpc while only a 38 per cent higher chance relative to clusters born at 10 kpc. For our 1 000 M⊙ clusters there is a 50 per cent higher chance of the Sun being born from a cluster at 8 kpc than at 6 kpc while only 25 per cent higher chance relative to clusters born at 10 kpc. Finally for our 15 000 M⊙ clusters there is a 70 per cent higher chance of the Sun to be born from a cluster at 8 kpc than at either 6 or 10 kpc while only a 59 per cent higher chance relative to clusters born at 12 kpc. From Table 4 we can see that even for the low-mass clusters in our analysis, i.e. 400 and 1 000 M⊙, it is possible for a star similar to the Sun to end in its orbit after 4.5 Gyr. The most likely Sun-candidates will be stars coming from clusters that were born at 8 kpc which is in agreement with the dynamically inferred results for the Solar birth location in Minchev et al. (2013) and Martínez-Barbosa et al. (2014) . Stars from clusters born at 4 kpc can reach the Solar orbit in 4.5 Gyr but this is much less likely.
Radius
The number of Sun-like stars reaching the Solar orbit from the 15 000 M⊙ clusters is lower owing to the fact that these clusters are more resilient to stripping of their members through the tidal interaction with the Galaxy. The longer lifetime of these clusters corresponds to a lower massloss rate which in turn translates into a lower proportion of stars that could reach the Solar annulus within 4.5 Gyr. For these more massive clusters, the larger contribution comes once again from the clusters born at 8 kpc.
As well as looking for Solar-candidates from our models, i.e. stars that have escaped from a star cluster and ended at 8 kpc with circular velocity equal to 220 km s −1 and within the mass range 0.8−1.2 M⊙, Table 4 also gives an indication of the numbers of potential Solar-twins that may populate the Solar neighbourhood. When observing such stars, if we are not careful we might confuse Solar-siblings (from the same birth cluster as the Sun) with Solar-twins (appear similar but from a different birth cluster). The question then arises: how can we break the degeneracy between Solar-twins and Solar-siblings stars in such cases? The answer most likely comes from analysing chemical space.
A key required property of the Solar Nebula is its chemical homogeneity. If the Solar-siblings share the same chemical composition it will be possible to find them in chemical surveys like GALAH-AAO 1 . Clusters up to 10 4 M⊙ and a significant fraction of clusters up to 10 5 M⊙ are expected to be chemically homogeneous (Bland-Hawthorn et al. 2010) .
The previously mentioned homogeneity of the Solar Nebula is closely related to the enrichment mechanism of the cluster. If a SN trigged the star formation that created the Sun, then significant chemical inhomogeneity was injected into the stars formed from that Solar Nebula. If the contaminant was a Wolf-Rayet star, the contamination would occur prior to the formation of most of the Solar-siblings (and the Sun itself) which will make the cluster chemically homogeneous. Lastly, chemical homogeneity can be reached if the SLRs were accreted after star formation in the cluster, but before cluster dissolution (Bland-Hawthorn et al. 2010 ).
Observational samples: Gaia and GALAH
Three large surveys will provide unprecedented information about the assembly history and current state of the Milky Way and the location of the Solar family: Gaia (Perryman 2003) , Gaia-ESO (Gilmore et al. 2012 ) and GALAH-AAO (Galactic Archaeology with HERMES-Australian Astronomical Observatory; see Zucker et al. (2012) for a review on the project). Gaia will provide high-precision distances and proper motions and will synergies with Gaia-ESO which will use FLAMES@VLT for obtain high precision spectroscopic data. Finally GALAH-AAO is focused on finding dissolved star clusters and associations by tagging chemical elements.
The Gaia surveys will be magnitude limited, with G 20 for Gaia, V 19 for faint stars and V 16.5 for bright stars for Gaia-ESO. GALAH-AAO in addition to a magnitude cut of 12 V2MASS 14 will observe stars with E(B − V ) < 0.2 and Galactic latitudes above 5 degrees (|b| > 5
• ). The Johnson colours can be converted to G-band and V2MASS following Jordi et al. (2010) and Bilir et al. (2008) respectively. For our analysis we will work with V from the Johnson system (Johnson & Morgan 1953) and assume V2MASS ∼ V .
In this work we mainly aim to model the dynamics of dissolved star clusters and the field disc stars where all these clusters will mix, so now we need to translate our dynamical variables to observations in order to be able to make predictions about these upcoming surveys.
The first selection implemented was to only consider stars with masses up to 1.33 M⊙. Stars up to this mass limit will not evolve beyond the Asymptotic Giant Branch (AGB) in 4.5 Gyr of evolution. This selection was needed because we wanted to consider only stars that will remain visible at the moment of taking our mock samples at 4.5 Gyr.
In order to calculate the absolute magnitudes of our samples at 4.5 Gyr we first take the mass of the stars when they escape from the NBODY6 model and evolve each escaping star with the Single Stellar Evolution (SSE) code (Hurley et al. 2000) to retrieve their stellar properties, i.e. current mass, radius, evolutionary stage and luminosity, at an age of 4.5 Gyr. We then use these properties to calculate the absolute magnitudes in the Johnson system (Johnson & Morgan 1953) by using stellar atmosphere models (Kurucz 1992 ) and the appropriate distance modulus (see below) to calculate the apparent magnitude of our modelled stars. Finally, we included the effects of dust in the Galactic disc by using the model presented in Hakkila et al. (1997) .
To improve our statistics we took advantage of the fact that our Galactic model is axisymmetric, so we have chosen four zones in our Galactic disc from which we selected our samples: (8,0,0); (0,8,0); (−8,0,0) and (0,−8,0). We have centred the Sun on each of these points and calculated the corresponding distance modulus and extinction to each of our stars, limiting the sample to V 20, i.e. to the faintest magnitude limit of both of the Gaia surveys mentioned before.
In Figs. 14-15 we present Colour-Magnitude Diagrams (CMDs) for this sample of stars that have escaped from dissolved star clusters. In Fig. 14 we also indicate the limit where V 14, i.e. roughly the limit of GALAH-AAO. In Figs. 16-17 we show the histograms of the distributions of V and I colours for our samples. In these histograms we can see that stars escaping from clusters born at 6 and 8 kpc will contribute in a similar way to these observational samples, followed by contributions from clusters born at 4 kpc and finally a smaller contribution from clusters born at 12 kpc.
In Table 5 we show the combined number of main sequence and giant stars that each of the mentioned surveys will most likely observe within their magnitude-limited volume, distinguished by the birth radius from which they have escaped. We have normalised these values for each of the 4 zones from where we took our samples in our simulations as mentioned before. For the GALAH-AAO samples we have first considered all the stars that this survey will observe and then the number of stars observed that might belong to the same original cluster, i.e. we have normalized the total number of stars by the number of clusters that we have modelled at each radius. Since we have considered only a discrete sample of cluster masses and birth locations our results should be scaled by an appropriated Cluster Initial Mass Function (CIMF: Piskunov et al. 2008) . We have represented the entire stellar component of the Milky Way with a combined 4.3 × 10 5 M⊙ of stars born in our sampled clusters. The total stellar mass of the Milky Way is ∼ 10 10 M⊙ (Flynn et al. 2006) , which means that the factor needed to convert both, the stellar surface density around the Sun and the total number of stars from our simulations to the real Galaxy is ∼ 1× 10 5 (assuming all stars born in star clusters). We should also note that so far we have assumed that all of our clusters were born at the same time whereas if we instead assumed random birth times that would introduce an additional factor of two correction. However this can be easily absorbed into the current order of magnitude exercise. After including this factor of ∼ 1 × 10 5 in the total results for the three surveys analysed in Table 5 we reach the following values: ∼ 3 × 10 8 stars for Gaia (which is its expected goal), ∼ 1.5 × 10 8 for faint stars in Gaia-ESO, an order 10 5 stars for GALAH-AAO (which was its initial goal) and finally we found that with our results the GALAH-AAO survey will have a 4 per cent chance of finding stars born from the same 400 M⊙ cluster, a roughly 5 per cent chance of finding stars born from the same 1 000 M⊙ cluster and a 50 per cent for finding stars born from the same 15 000 M⊙ cluster.
SUMMARY
Regardless of whether the next big surveys can find any Solar siblings in kinematic or chemical space, they will provide a picture without precedent of the Milky Way. This picture will help us to improve our dynamical and chemical enrichment models of the Galaxy. To rephrase that, in order to unravel the internal evolution of our Galaxy it is imperative that we improve our models of the evolution of the Milky Way. Gaia will provide in the next years the best kinematic information of stars within 20 kpc which will allow us to better understand the heating mechanisms present in the Galactic disc.
Two steps in order were taken on this work: 1) develop a Galactic model that closely matches observations, particularly the latest determination for mass and scalelength of the Galactic disc (Bovy & Rix 2013) where we especially wanted to match the heating radial profile and history of the Galactic disc, and 2) tracking the continued dynamical evolution of stars that escaped from stellar clusters that were evolved with NBODY6.
We focussed our efforts on analysing the state of the escapers within the Solar annulus after 4.5 Gyr of evolution. In Table 5 . Total number of stars in our magnitude-limited sample separated by mass of the birth cluster and galactocentric birth radius. Radius indicates the birth radius of the parent cluster, Gaia is the total number of stars that the ESA mission will observe with V 20, Gaia-ESO is the total number of stars that the follow-up survey of Gaia will observe with V 19 for faint stars and in parenthesis V 16.5, GALAH is the number of stars that the AAO will observe within a magnitude range between 12 V 14, an extinction E(B − V ) < 0.2 and with Galactic latitudes above |b| 5 degrees. The final column represent the expected number of stars from the GALAH-AAO sample that will belong to the same original stellar cluster. our study we have assumed that all our clusters were born at the same time, i.e. 4.5 Gyr ago. The main analysis included the number of binary systems that ended in the Solar annulus after 4.5 Gyr of evolution. This value is roughly the same fraction as the total contribution of all the modelled clusters, i.e. 30 per cent. We studied the number of Solar siblings and Solar twins that ended in the Solar neighbourhood after 4.5 Gyr.
A following analysis was to determine the extent to which the dynamical signatures of our modelled clusters could be still identified. In the case of our 400 M⊙ clusters, overdensities with respect to the Galactic sea of stars were erased after 500 Myr past dissolution. The timescale of memory lost for overdensities for our 1 000 M⊙ clusters is greater than twice the value for the 400 M⊙ clusters, which relates to the different dissolution timescales of these two sets.
Finally, we study the possibility that the Sun could have originated from any of the three different cluster families that we have modelled. Even when we can claim that the Sun originated in a cluster ranging from 400 -1 000 M⊙ we were aware that there exists a lot of evidence that suggests that the potential parent cluster of the Sun could be as high as 15 000 M⊙ or more (Adams 2010; Bland-Hawthorn et al. 2010). Having this in mind we have included a set of star cluster models with 15 000 M⊙ and we analysed as well the probability of the Sun to be born in one of them. We provided estimates of the number of stars that three upcoming surveys (Gaia, Gaia-ESO and GALAH-AAO) will observe from clusters like the ones modelled in this work and particularly the number of stars that might have been born in the same original stellar cluster.
Analysing the chemical similarities between stars formed from the same material, i.e. molecular cloud, is the essential next step in the reconstruction of the building blocks of the Galaxy (Freeman & Bland-Hawthorn (2002) and references therein). Most chemodynamical codes like RAMSES (Teyssier 2002) , GCD+ (Kawata & Gibson 2003) and theories (Matteucci & Francois 1989; Matteucci 2004) have been successful in explaining the coarse-evolution of the metals over cosmological time. Including nucleosynthesis information on small scales, i.e. stars (Moyano Loyola & Hurley, in prep.) will improve the fine details in which the chemical evolution of the Galaxy is studied. For this we are making efforts to implement a modular stellar evolution approach in NBODY6 that includes nucleosynthesis information. On the observational side, AAO-HERMES is the main instrument that will allow the identification of the chemical signatures of stars that have been stripped from a given star cluster beyond the point where the kinematics has been lost. 
